Abstract. Non-neural tissues, from three male and four female striped skunks (Mephitis mephitis), 5 to 7 months old, and one male and two female red foxes (Vulpes vulpes), 12 to 16 months old, experimentally infected with street rabies virus, were examined by light microscopic immunohistochemical and electron microscopic methods. This is the first report of ultrastructural lesions in rabies-infected adrenal medulla, cornea, and nasal glands. Using the streptavidin biotin peroxidase technique, antigen was detected in mucous cells and interstitial neurons and their processes in the submandibular salivary gland, in chromaffin cells of the adrenal medulla, in epidermal cells of the skin, in external root sheath cells of hair follicles, and in corneal epithelial cells. Electron microscopically, matrix (viral nucleocapsid), virions, and anomalous viral products were common in most tissues examined, but their relative proportions varied. The results suggested that replication with minimal accumulation of matrix and anomalous viral growth products was characteristic of growth in tissues (submandibular salivary gland) that frequently produce high titers of virus, whereas replication with large amounts of matrix and anomalous structures occurred in tissues (adrenal gland and nasal gland) that generally contained low or moderate titers of virus. Novel findings included viral budding into secretory granules, increase in microfilaments in infected mucogenic cells, and continuity of viral convoluted membranous profiles with rough endoplasmic reticulum of chromaffin cells and nasal glandular cells. The presence of viral antigen and developing virus in extra-neural tissues constitutes a potential risk of non-bite exposure to people in certain groups/occupations.
In most of North America and Europe, rabies is maintained as enzootics in certain wildlife species (foxes, skunks, and raccoons in Canada and USA; foxes in Europe). Transmission from these wildlife species to domestic animals and human beings is sporadic and usually "dead end."2 The natural transmission of rabies generally requires that infected animals develop abnormally aggressive behavior, with biting attacks, coincident with excretion of virus in saliva. The aggressive behavior is due to special (poorly understood) neurotropic qualities of the agent. Infection of salivary glands (and thus viral excretion) depends on centrifugal neural spread of virus from the central nervous system (CNS) and transfer of virus from axons to glandular epithelial In addition to the salivary glands, the adrenal m e d~l l a , '~,~~,~~ nasal m u c~s a ,~J~ cornea, 1,21, 26 and e p i d e r m i~~,~~ are frequently infected via spread in peripheral nerves. Although tissues other than salivary glands do not constitute major hazards to human beings, people in certain groups/occupations (trappers, butchers, recipients of organ/tissue transplants, and immunocompromised individuals) are occasionally at risk by non-bite exposure to these tissues. It has been suggested that tissues other than salivary gland may be important in transmission of the disease by so-called "car~-iers."~~J~ Most previous studies on extraneural rabies infection were based on immunofluorescence and/or virus titration methods. No reports of electron microscopic studies of cornea, adrenal gland, or nasal gland were found; there is only one report of ultrastructural lesions in salivary glands (foxes experimentally infected with street rabies virus). 13 The purpose of this study was to characterize the lesions in selected non-neural tissues electron microscopically and immunohistochemically (immunoperoxidase method), and to investigate the mechanism of secretion of virus in oral and nasal fluids.
Materials and Methods

Virus
A 10% suspension of submandibular salivary glands (SMSG) from naturally infected skunks was prepared by homogenization with diluent (0.0 1 M phosphate buffer, pH 7.4, containing 10% fetal bovine serum and a mixture of 1,000 I.U. penicillin and 2 mg streptomycin/ml) and centrifugation at 600 x g for 1 5 minutes. The titer of virus ( 10% suspension) prior to challenge was 10' I median mouse intracerebral lethal Vet Pathol 3 1 : I , I994 dose (MICLD,,)/ml as titrated by intracerebral inoculation of weanling white Swiss mice.
Experimental animals and procedures
Seven male and seven female striped skunks (Mephitis mephitis), purchased from a commercial source, were kept in individual stainless steel cages and provided food (laboratory canine diet; Ralston Purina Company, Woodstock, Ontario, Canada) and water ad libitum. The average age at the beginning of the experiment was 6 months. Using surgical procedures, the right abductor digiti quinti muscle was inoculated in eight skunks with 0.3 ml of the 10% suspension of SMSG. Two additional skunks were given the same dose via the left masseter muscle. Four skunks were used as uninoculated controls.
Skunks that developed rabies were euthanized in the terminal stages of the disease. Just prior to necropsy they were anaesthetized with ketamine hydrochloride (1 0 mg/lb) (Ketaset; Rogar/STB Mississauga, Ontario, Canada) and acepromazine maleate (0.25 mg/lb) (Atravet; Ayerst Laboratories, Montreal, Quebec, Canada). They were perfused through the left ventricle with a solution of 3.7% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2. After perfusion the following pieces of tissue were collected and processed for immunocytochemical and electron microscopic examination: pieces of brain, right and left SMSG, adrenal medulla, cornea, nasal mucosa with olfactory epithelium, and skin from the upper lip area with tactile hairs.
Because viral antigen was not detected in corneas of skunks, corneas were obtained from one male and two female rabid red foxes (Vulpes vulpes), 12 to 18 months old, from a previous experimental i n f e~t i o n .~
Immunohistochemistry
For light microscopic and immunocytochemical examination, tissues from perfused skunks and non-perfused foxes were immersed in 10% buffered formalin, pH 5.3, for 24 hours and embedded in paraffin.
Rabies virus antigen was detected in tissue sections by the avidin biotin complex (ABC) method using a robotic slide stainer (Fisher Code-On Series). Dewaxed slides were treated as follows: proteinase-K (0.2 Fg/ml of double distilled water) for 3 x 5 minutes at 45 C, normal goat serum diluted 1 : 20 for 20 minutes at 45 C, rabbit anti-rabies nucleoprotein serum (prepared in our laboratory) diluted 1 : 1,000 for 2 x 20 minutes at 45 C, link antisera (biotinylated goat anti-rabbit) (Vector Laboratories, Burlingame, CA) diluted 1 : 10 for 20 minutes at 45 C, 1.2% hydrogen peroxide in methanol for 2 x 10 minutes at room temperature (RT), streptavidin biotin complex (Zymed Laboratories, San Francisco, CA) for 20 minutes at 45 C, and 0.05% 3,3'-diaminobenzidine (Sigma Chemical, St. Louis, MO) containing 0.03% hydrogen peroxide for 2 x 2 minutes at RT. The slides were counterstained with Mayer's hematoxylin. Adjacent sections were stained with HE. Tissues from uninfected skunks and foxes were used as controls.
Electron microscopy
Perfused tissues from skunks and non-perfused tissues from foxes were immersed in a solution of 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, at 4 C overnight. Tissues were postfixed in 1% osmium tetroxide, stained en bloc with uranyl acetate, dehydrated in a graded series of ethanol, and embedded in Epon. Onemicron sections were cut and stained with toluidine blue. Ultrathin sections were stained with lead citrate and observed using a Hitachi 7000 transmission electron microscope.
Results
Clinical disease
Seven of the ten skunks developed rabies. The incubation period varied from 12 to 60 days. The clinical signs included an initial increased response to external stimuli (touch, sound, etc.) and abnormally aggressive behavior (attacks on inanimate objects). This stage was followed by weakness and ataxia. Two to 3 days were allowed between the onset of clinical signs and the termination of the experiment. All skunks that developed clinical signs of rabies had central nervous system (CNS) tissue positive by the avidin biotin complex (ABC) immunostaining method.
Light microscopic and immunohistochemical findings
Submandibular salivary gland. The skunk submandibular salivary gland (SMSG) is a mixed tubulo-alveolar gland; the secretory lobules are composed mainly of mucous cells in alveoli that frequently are capped with serous demilunes.
SMSG of rabid skunks had slight to moderate accumulations of mononuclear cells in the interstitium and a few scattered foci of necrotic acinar cells. Most acinar cells were morphologically normal in HE preparations. By the ABC method, antigen-containing mucous cells had cytoplasmic brown-black granules and clumps ( Fig. 1) . Antigen occurred throughout the cytoplasm but was concentrated mainly in the apical region. Cells that contained antigen were scattered (one or more in affected acini) and occurred with or without adjacent inflammatory cells. Antigen was not found in the serous cells of the demilunes. Many neurons of the submandibular ganglion and groups of nerve fibers in the interstitial connective tissue of the skunk SMSG contained large and small granules of antigen (Fig. 2) .
Adrenal glands. In all rabid animals, light microscopic examination revealed moderate to marked accumulation of mononuclear cells and vascular dilatation in the medulla. Antigen was present as small cytoplasmic granules in chromaffin cells and in interstitial nerve fibers (Fig. 3) . Antigen-containing cells occurred throughout the medulla but were concentrated mainly at the cortico-medullary junction. No lesions were detected in the adrenal cortex.
Cornea. The main feature of street rabies virus infection of corneal epithelial cells was focal viral replication in the absence of inflammatory changes and
Figs. 1-5.
Non-nervous tissues of skunks and foxes inoculated with street rabies virus; formalin-fixed, paraffin-embedded sections were stained by the avidin biotin immunoperoxidase complex method, with Mayer's hematoxylin as a counterstain. Skin. Sections through the skin from the muzzle region revealed large collections of antigen in epidermal cells and external root sheath cells of large tactile hair follicles and other hair follicles (Fig. 5) . Frequently the stratum basale and less frequently the stratum spinosum of the stratified epithelium had antigen positive cells. Rarely cross sections of nerves traversing the dermis contained brown granules of antigen. There was no histologic evidence of inflammation or necrosis.
Ultrastructural findings
Submandibular salivary gland. Ultrastructurally, lesions were confined to mucous cells. Granular and fine fibrillar viral matrices occurred mostly in the basal region of affected cells that had virus budding on the apical plasma membrane (Fig. 6) . Bodies of matrices were morphologically similar to those described in skunk brain,20 but they were generally smaller and much less frequent than in brain. Virions budded mainly from the apical plasma membrane of mucogenic cells into the acinar lumen (Figs. 7, 10 ) and into the intercellular canaliculi (Fig. 8) . Frequently, areas of the luminal surface of apical membrane were covered by a moderately electron-dense coat in which virions were embedded (Fig. 9) . Occasionally there was budding on the membranes of secretory granules and smooth membrane vesicles in the vicinity of the Golgi apparatus (Figs. l l , 12) .
A few scattered glandular epithelial cells had degenerative changes characterized by clumped and coalesced secretory droplets and membrane-bound vesicles containing large numbers of viral particles (Fig.  13 ). There were increased numbers of filaments (in bundles) in the apical cytoplasm of mucous cells that contained electron-dense secretory granules and virions budding on the apical plasma membrane (Fig. 14) . Tonofilaments attached to the desmosomes were very prominent in these cells. Adrenal gland. The main ultrastructural feature of in clusters; (2) swollen smooth-surfaced vesicles conthe infection was the presence of matrix bodies of vari-taining viral particles resulting from budding on the able size, shape, and density in the cytoplasm of af-vesicular membrane (viral envelope continuous with fected chromaffin cells (Figs. 15, 16 ). These bodies of the host organelle membrane); and (3) meshes of conmatrix were much more numerous than those in the voluted membranous profiles consisting of double-SMSG. Within reticulum (RER) and convoluted membranous profiles was evident in some areas, but in others the intervening zone was characterized by a hazy electron-dense material (Fig. 17) .
Although most virus development occurred within or around the nucleocapsid aggregations and within vesicles, viral budding was also noted on the plasma membrane of infected chromaffin cells. Viral particles, some with internal helical striations, were freely evaginating from electron-dense plasma membranes into adjacent cells, some of which contained nucleocapsid matrices (Fig. 18) .
Cornea. Matrix bodies were not as numerous or as extensive as in the adrenal medulla. Corneal epithelial cells contained highly osmiophilic compacted fibrils that partially obscured the nucleocapsid ground substance of similar density. Inclusions, mostly in the perinuclear area, were associated with coils of convoluted membranous profiles, and rabies virions were frequently adjacent to these structures (Fig. 19) .
Nasal mucosa and glands. Nasal mucosa and underlying submucosal glands positioned on the ethmoturbinate bones and on the wall of the nasal septum were examined.
Ultrastructurally, various stages of viral development were evident in many cells of affected acini. Viral matrices were more numerous than in the SMSG but less numerous than in the adrenal medulla. Unlike the SMSG, convoluted membrane profiles were abundant in epithelial cells, and they had distinct areas of continuity with the RER (Fig. 20) . Many virions budded into the secretory granules and on the apical plasma membranes (Fig. 2 1) .
Discussion
Novel findings in our study include: viral budding into secretory granules of the epithelial cells of salivary gland and submucosal nasal gland, increase in microfilaments in infected mucous cells, and continuity of convoluted membranous profiles with rough endoplasmic reticulum (RER) in adrenal medullary chromaffin cells and nasal glandular cells.
In our studies of submandibular salivary gland (SMSG) in rabies-infected skunks, and in similar studies in foxes by Dierks et al.,13 virus budding in mucous cells was chiefly on the apical plasma membrane, with lesser amounts into the intercellular canaliculi and into membrane vesicles. We also observed budding into secretory granules in the apical region. This may be an additional site for virus development and release, i.e., release with secretory proteins by normal exocytotic mechanisms. In SMSG, restriction of viral release to apices of cells would, as previously inferred in other studies,6,8 limit or prevent epithelial cell-to-cell transfer of virus. In adrenal chromaffin cells, no axial polarity was evident in the plasma membrane maturation sites. Infected cells showed multidirectional budding, probably contributing to cell-to-cell spread of infection.
The specificity of viral budding implies recognition of membrane domains by viral components so that viral envelope proteins accumulate at specific locations for biogenesis.1° In the polarized line of cultured Madin-Darby canine kidney (MDCK) cells, influenza and parainfluenza viruses assembled at the free apical surface, whereas vesicular stomatitis virus assembled at the basolateral membrane.24 In these studies, viral surface proteins accumulated in the membrane at locations from which budding occurred, suggesting that the site of predilected insertion determines the site of maturation. Bergeron et al. 4 suggested that the intracellular pathway followed by viral glycoproteins resembles the pathway of exocytosis of secretory proteins: synthesis on membrane-bound RER, migration through the Golgi complex with glycosylation, and transport to the cell surface in vesicles that fuse with the plasma membrane. Similar information is not yet available for the postsynthetic transport of rabies glycoproteins, but it is likely that the pathway is similar to that for exocytosis of secretory proteins. Virus-laden secretory granules in SMSG and nasal gland may have resulted from virusinduced changes in the post-synthetic sorting, whereby viral glycoprotein is targeted to membranes of secretory granules, allowing viral budding into the granules prior to the release of contents at the cell apex. Although the extent to which virus maturation sites limit the accessibility of antigens to antibodies or to cellmediated immunity is not known, confinement of rabies viral budding to apical surfaces of glandular epithelial cells, having apical tight junctions, may allow progeny virions to mature into the acinar lumen without exposure to circulating neutralizing antibodies. A significant finding in our study was the accumulation of filaments in infected cells of SMSG. An increase in filaments has been noted in epithelial and glandular cells and is generally considered to be a sign of regressive or degenerative changes caused by aging or noxious influences, or it may be due to heightened metabolic activity associated with an active or neoplastic state." In the SMSG of rabies-infected skunks, unusual cellular aggregations of filaments in the absence of progressive degenerative changes suggest a relationship of these filaments to virus replicative events. From a study of motility-associated elements in rabies virus infection of fibroblast and human neuroblastoma cells in culture, Conti et al." concluded that microfilamentous components are important in early phases of rabies virus infection. Organizational changes induced by cytochalasin B and D impeded the efficiency of virus internalization in susceptible cells. Naito and M a t s~m o t o~~ demonstrated the presence of actin protein among the integral and membrane proteins of rabies virus. This finding led to the hypothesis that virions acquire the protein actin during the budding process and stressed the importance of microfilament organization not only in viral translocation across the cells but also in the maturation process from the cell membrane. In our studies, we did not find the filaments directly associated with budding virions, but they were abundant apically in cells where large numbers of budding virions occurred. In salivary glandular epithelial cells, microfilaments may have a role in the highly productive replication and excretion of virus in the saliva.
Infection of the cornea with rabies virus has been considered a good indicator of the onset of the cen- trifugal movement of the virus. The cornea test (CT) for antemortem rabies diagnosis described by SchneideP was evaluated by Larghi et a1.,21 and the results showed only 4 1.7% sensitivity as compared to the fluorescent antibody and mouse inoculation test on brain tissue in confirmed cases of rabies in man and animals. Impression smears, made by pressing a microscope slide against the eyeball, have a greater tendency to make imprints of the superficial layers. From our studies, it is evident that viral development, as demonstrated by antigen localization and the presence of matrices and viral particles, generally spans over all layers of the stratified epithelium, but basal and middle layers show a slightly higher infection rate. This may in part account for the reduced sensitivity of the CT, despite the possible presence of a deep-seated infection. Human-to-human rabies transmissions have occurred via corneal transplants from donors dying of unexplained neurologic disorder^.^.^ ' Probably viral replication subsequent to transplantation produces virions that are transported to the CNS after re-innervation of donor cornea.
Qualitatively the structures of viral matrix, convoluted membranous profiles, and virions in non-neural tissues were similar to those structures described in brains of skunks9 and other animal^;^^.^^ the proportion of ingredients, however, differed markedly from that in brain. The accumulation of matrix was marked in the chromaffin cells of adrenal medulla, moderate in corneal epithelial cells and mucous cells of nasal glands, and very slight in the mucous cells of the SMSG. This suggests a general inverse correlation between the amount of matrix and the capacity to produce high titers of virus. The SMSG may contain virus at titers as high as lo8 mouse intracerebral lethal dose 5 (MICLD,,)/ml,7 whereas titers reported for adrenal gland are much lower (lo4 MICLD,,/ml).19 Also, the brain infected with street virus has abundant viral matrix in neurons but titers rarely exceeding 1 O4 MICLD,,/ ml.9s15 A possible explanation may be that the efficient maturation and release of virus in large quantitites in salivary secretions imposes a high demand on the synthesis of nucleocapsid proteins so that they are rapidly channelled to the plasma membrane for virus development.
